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Abstract 
Numerical simulation was conducted to explore how the load distribution and pre-swirl distribution influence the aerodynamic 
performance for the Flade fan. The Flade fan faces the design challenge of full span supersonic flow because of the position 
above the tip of main fan, so it is necessary to introduce full span positive pre-swirl. The full span positive pre-swirl introduced 
by IGV helped to reduce the rotor inlet relative Mach number and could effectively control the shock loss and the shock-
boundary layer loss on the full span. Load distribution could effectively control the conflict between high tangential velocity and 
low pressure ratio, and change the degree of reaction to make the absolute Mach number at the rotor outlet satisfy the design 
request of stator. Stall characteristics analysis on Flade show that the tip clearance flow is still far away from the leading edge of 
blade, and a wide range of low-speed and low-energy region appeared at the root lead to the onset of stall. 
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1. Introduction 
Nomenclature 
π             total pressure ratio 
η efficiency  
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Variable cycle engine (VCE) changes the thermodynamic cycle by changing the geometric shape, size, or 
position of the engine components. The VCE can operate efficiently at various thrust and flight speeds by changing 
the engine cycle parameters, such as pressure ratio, turbine inlet temperature, air flow and bypass ratio. Although the 
exploring of VCE concepts and programs have been carried out in Europe for decades, the traditional VCE has large 
inlet spillage drag caused by excessive airflow which can’t go through the engine under certain conditions and 
reduce its performance.  
Therefore, the GE developed the fifth generation VCE-adaptive cycle engine (ACE) [1]. An adaptive cycle 
engine has a third duct circumscribing a preferably variable cycle inner gas turbine engine with a Flade fan disposed 
in the Flade duct. Figure 1 shows the sketch of Flade. The Flade is radially driven by the main fan disposed in the 
inner engine and connected to it. The Flade fan can inhale the spare air so that the engine is capable of maintaining 
the constant inlet airflow over a wide range of thrust to reduce the spillage drag. 
 
Fig. 1.  Sketch of Flade. 
However, the Flade fan faces the design challenge of full span supersonic flow because the Flade fan hub has 
larger tangential velocity than the tip of the main fan which is usually designed relative supersonic to ensure the 
overall cycle performance of ACE. From the 1940s through the early 1970s, a variety of efforts were underway 
dealing with research and development on supersonic axial compressor stages[2]. They have held a long-term 
attraction for turbine engine designers because of their potential for very high stage pressure ratios, theoretically, at 
competitive efficiencies. At that time, an isentropic efficiency in 80 percent would have been considered 
competitively. Thus, the key issue of the successful application of Flade is to solve the design problems at the 
condition of full span supersonic flow. 
Rustom et al. [3] described the structure of Flade in their patent as that Flade fan rotor was mounted outside the 
main fan rotor casing, connected and rotating together. Different from the main rotor ring, the Flade rotor ring had 
different mounting angle and blade number. 
Domestic research on ACE has just started. Li Bin et al.[4] investigated steady performance on various modes of 
an ACE and find that the utilization of variable Flade makes it possible to fix the nozzle throat area when reheating 
the engine. Through the combined modulation of various variable geometries, more cycle modes are available and 
the variation of bypass ratio is wider. 
In the present study, full span positive pre-swirl along with atypical load distribution was introduced to weaken 
the adverse effect of full span supersonic flow and broaden the high efficiency range of Flade fan. The stall 
characteristics were analyzed at the same time. 
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2. Basic geometry 
In this paper, a Flade fan was designed, including inlet guide vanes (IGV) and rotors. Table 1 shows the basic 
design parameters of the Flade. The design-point characteristics of the Flade fan included an inlet hub/tip radius ratio 
of 0.83, a corrected tip speed of 550m/s, a design total pressure ratio of 2.3, and a design isentropic efficiency 
objective of 85 percent. 
 
Table 1.  Basic design parameters of the Flade 
parameters Value 
Middle span solidity(IGV/Rotor) 1.8/1.8 
hub/tip radius ratio(inlet/outlet) 0.83/0.89 
isentropic efficiency  
total pressure ratio 
tip speed 
85% 
2.3 
550m/s 
The initial flow program shows that the inlet relative Mach number of Flade is about 1.5 to 1.8 from hub to tip, 
which is beyond the current design level. Therefore, all the cases in the present study had positive pre-swirl. Figure 2 
shows the flow path of Flade. The inlet guide vanes were used to introduce full span positive pre-swirl and switch on 
or off the third duct to change the air flow of the ACE engine independently without spillage drag. 
 
Fig. 2.  The flow path of Flade. 
3. Numerical methods 
In this paper, the numerical simulation grid was automatically generated by the AutoGrid5 module of NUMECA, 
as shown in Figure 3. The wall Y+ is about 1.5 with a rotor tip clearance of 0.3mm arranged by butterfly grids.  
Total grid number is about 0.8 million. During a grid-independent verification, it was found that air flow field details 
have basically unchanged when the grid number reached 0.7 million. 
 
Fig. 3.  The grids of Flade. 
The Euranus solver of NUMECA was used for numerical simulation, solving the three-dimensional Navier-
Stokes equations  with one equation S-A turbulence model. Total temperature, total pressure and flow angle were 
given at inlet and the back pressure of middle span was given at outlet with the back pressure determined by solving 
a simple radial equilibrium equation. 
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4. The effect of load distribution 
Normally, flow with total temperature, total pressure and other parameters nearly uniform along the span at the 
outlet of rotors helps to reduce the loss of additional mixing. Thus, the constant circulation design has higher 
efficiency, particularly suited to high hub/tip radius ratio and short blade compressor.[5] 
4.1.  Design of load distribution  
To further investigate the effect of load distribution on Flade fan performance, this paper, on the basis of the 
constant circulation distribution of Case 1, studied the other three load distributions, namely Base case, Case 2 and 
Case 3, as shown in Figure 4. 
 
Fig. 4.  Design of load distribution. 
4.2.  The numerical results analysis 
In order to reduce the rotor relative Mach number, in this section, the flade was designed with positive pre-swirl 
of 30°at full span so that the relative Mach number at tip dropped to about 1.4 with the root  to about 1.05. However, 
the high positive pre-swirl decreased the reaction leading to the high outlet absolute Mach number of rotor, which 
increased the difficulty of stator design. 
Figure 5 shows the reaction and outlet absolute Mach number of rotors in span direction at design point. Case 1 
was designed according to the constant circulation distribution with the outlet absolute Mach number 0.9 at tip and 
1.05 at hub. Case 3 was designed according to unequal circulation distribution with the pressure ratio increased 
along the span. Although it is beneficial to increase the efficiency of the rotor, the reaction at tip is less than 0.7, and 
that will lead to the outlet absolute Mach number at tip close to the speed of sound. Case 2 is beneficial to the 
organization of airflow at tip and hub by increasing the pressure ratio at middle span. But the outlet absolute Mach 
number at middle and tip is too high. Under all these three cases, the outlet absolute Mach number at hub is over 1.0. 
Base case increases pressure ratio at hub with the outlet absolute Mach number at hub about 1.1. Lower load at the 
tip could increase the reaction to reduce rotor outlet absolute Mach number to about 0.8. Therefore, for Flade, 
increasing load at hub and reducing load at tip will help to reduce the design difficulty of downstream stators. 
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        
Fig. 5  Aerodynamic parameter at design point. (a) Degree of reaction; (b) Outlet absolute Mach number. 
5. Effect of pre-swirl 
The positive pre-swirl IGV helps to reduce the rotor inlet relative Mach number. But too high positive pre-swirl 
will lead high absolute Mach number at inlet of the stator, especially for stator hub. Thus, in practical applications, 
positive pre-swirl at tip and negative pre-swirl at hub is preferred. With the appearing of transonic compressor, most 
of the transonic compressors use zero pre-swirl design. 
For the Flade, the IGV, as the third duct flow adjustment mechanism, is necessary. In order to weaken the adverse 
effects of relative supersonic flow at full span, the IGV is designed to positive pre-swirl at full span. 
5.1. Design of pre-swirl distribution 
In order to study the impact of pre-swirl distribution on the Flade fan performanceˈthis paper designed four 
different pre-swirl distributions under the load distribution of Base case, namely Base case, Case 4, Case 5, Case 6, 
as shown in Figure 6(a). As to zero pre-swirl design, The initial flow program shows that the inlet relative Mach 
number of Flade is about 1.5 to 1.8 from hub to tip, which is beyond the current design level.  
    
Fig. 6. Distribution of inlet aerodynamic parameter in span direction. (a) Pre-swirl angle;  (b) Inlet relative Mach number. 
a b 
a b 
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5.2. The numerical results analysis 
Figure 6(b) shows inlet relative Mach number distributions of the four cases. For the tip area, the 25° positive pre-
swirl can make the tip relative Mach number drop to about 1.5, and for the hub area, the 35 ° positive pre-swirl can 
make the root relative Mach number drop to about 1.0. 
Figure 7 shows the pressure ratio and efficiency characteristics of the four different pre-swirl cases. Case 6 with 
high pre-swirl and low inlet relative Mach number has low pressure ratio and efficiency characteristic. Case 4 with 
low pre-swirl and high inlet relative Mach number has high pressure ratio characteristic and low efficiency 
characteristic. 
    
Fig. 7. Characteristic of Flade. (a)Pressure ratio characteristic; (b) Efficiency characteristic. 
Figure 8 shows the design characteristics in span direction at design point. For the tip area, different pre-swirl 
angle has little effect on total pressure recovery coefficient of the IGV. The efficiency increases along with the pre-
swirl angle increasing and the inlet relative Mach number decreasing. For the hub area, Case 6 with high pre-swirl 
and low inlet relative Mach number has low efficiency because of the low total pressure recovery coefficient of IGV. 
Case 4 and Case 5 with low pre-swirl and high inlet relative Mach number have high efficiency because of the high 
total pressure recovery coefficient of IGV. 
 
Fig. 8. Characteristic of Flade at design point. (a) Total pressure recovery coefficient of IGV;   (b) Efficiency. 
a b 
a b 
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The total pressure recovery coefficient of IGV deceases along with the pre-swirl increasing. With the increase of 
pre-swirl, air flow acceleration at the suction side of IGV increases. As shown in Figure 2, the meridional flow 
channel has a convex curvature shape at root of IGV, which makes adverse pressure gradient increase. Figure 9 
shows static pressure rise of IGV suction side at 10% span.  Adverse pressure gradient, separation and loss increase 
along with pre-swirl increasing. 
 
Fig. 9. Static pressure rise of IGV suction side. 
The total pressure ratio reduces from hub to tip gradually. The tip element has low efficiency because of the high 
tip speed and low pressure ratio. Because of the high relative Mach number, the shock is inhaled gradually to form a 
positive shock in the cascade channel, causing high total pressure loss. The shock gradually intends to the pressure 
side of the blade, causing high shock-boundary loss. As shown in the Figure 10, the loss at the pressure side of the 
blade increases from 70% span, leading to the efficiency above 70% span decreases dramaticlly. 
                              
Fig. 10. Entropy contour at design point. (a) 70%span;   (b) 80%span;  (c) 90%span. 
a b c 
730   Zeng Yueliu and Wei Yuan /  Procedia Engineering  99 ( 2015 )  723 – 733 
Figure11 shows the reaction and outlet absolute Mach number of rotors in span direction at design point. For the 
hub area, the outlet absolute Mach number of case 4 with 20° positive pre-swirl at hub is 1.05 although the reaction 
has been increased. And the outlet absolute Mach number of Case 6 with 20° positive pre-swirl at hub reaches 1.15 
although it helps to reduce the rotor inlet relative Mach number. For the tip area, Case 5 with 25° positive pre -swirl 
at tip can increase the reaction to reduce the outlet absolute Mach number to 0.8. 
        
Fig.11.  Aerodynamic parameter at design point. (a) Degree of reaction; (b) Outlet absolute Mach number. 
6. Stall characteristics 
The stall characteristics of Case 5 were analyzed at the same time. Figure12 shows the total pressure ratio 
distribution of rotors in span direction near stall point. The total pressure ratio at hub shows a great deficit, and 
which is quite different with the designed point shown in figure 4. 
 
Fig.12. Total pressure ratio distribution of rotors in span direction near stall point.  
Figure 13(a) shows that the incoming/tip leakage flow interface was still far away from the rotor leading-edge 
near stall point. In the mean time, Figure 13(b) shows that a wide range of low-speed and low-energy region 
appeared at the root, where the high entropy gradient region was aligned with the rotor leading-edge. These flow 
features indicated that the rotor root initiated the stall[6]. 
a b 
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

Fig. 13. Entropy contour and relative Mach number at near stall point. (a)99%span; (b)5% span. 
Figure14 show the Mach number contours of S3 stream surface. The low-speed and low energy region at 
root gradually moves forward, expands, deepens, and extends to the entire blade access, with the decrease of mass 
flow from the design point to the near-stall point. Thus, the rotor root initiated the stall. 
a 
b 
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Fig.14 .Relative Mach number at 15% chord.(a)Normalized mass=1;(b) Normalized mass=0.9;(c)Normalized mass=0.8;(d) Near stall point. 
7. Conclusion 
The effect of full span positive pre-swirl along with atypical load distribution on the performance of Flade was 
investigated by numerical simulation on seven different cases. The following conclusion can be drawn: 
z Total pressure ratio was designed to reduce from hub to tip, which can effectively reduce the rotor outlet 
absolute Mach number at tip and satisfy the stator design demand that the rotor outlet absolute Mach number 
at hub is not t0o high.   
z Full span positive pre-swirl is necessary for Flade. The higher positive pre-swirl at hub can reduce the 
relative Mach number and weaken the adverse effect of full span supersonic flow. The lower positive pre-
swirl at tip can increase the reaction to reduce the outlet absolute Mach number. 
z The total pressure recovery coefficient of IGV deceases along with the pre-swirl increasing .The meridional 
flow channel has a convex curvature shape at root of IGV, which makes adverse pressure gradient increase. 
Because of the high relative Mach number, the shock was inhaled gradually to form a positive shock in the 
a b 
c d 
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cascade channel, causing high total pressure loss. The shock gradually intends to the pressure side of the 
blade, causing high shock-boundary loss. 
z The low-speed and low energy region at root gradually moves forward, expands, deepens, and extends to the 
entire blade access, with the decrease of mass flow from the design point to the near-stall point. Thus, the 
rotor root initiated the stall. 
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